Full-length cDNA clones of two Theiler murine encephalomyelitis virus (TMEV) strains, one highly virulent and the other less virulent, were constructed in the bacterial plasmid pGEMR-3. Transfection of BHK-21 cells with RNA transcribed from these cDNAs yielded progeny viruses with the exact in vitro growth phenotype and mouse neurovirulence pattern of the respective parental virus strains. RNA transcripts derived from recombinant chimeras constructed by exchanging corresponding genomic regions [5' noncoding, leader/P1 (L/P1), P2, P3, and 3' noncoding] between the parental cDNAs were infectious and enabled analysis of the growth characteristics in vitro and mouse neurovirulence of the chimeras. A correlation was found between plaque size and temperature sensitivity and the origin of the L/P1 region. Neurovirulence mapped primarily to the L/P1 region encoding the leader and coat proteins. Depending on parental origin, the 5' noncoding region either influenced virus attenuation or augmented virulence.
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Theiler murine encephalomyelitis viruses (TMEVs) are naturally occurring enteric pathogens of mice. They constitute a separate serological group within the picornavirus family (1) , and, based on the complete nucleotide sequence and genome organization, TMEVs have been unofficially classified as cardioviruses, along with encephalomyocarditis virus and Mengo virus (2, 3) . TMEVs can be divided into two groups on the basis of their growth characteristics in vitro and neurovirulence after intracerebral (i.c.) inoculation (4, 5) . The first group consists oftwo highly virulent viruses, GDVII and FA, which produce a rapidly fatal encephalitis in adult mice. All of the remaining isolates, referred to as TO strains because they resemble Theiler's original isolates (6) , belong to the second group. These viruses are much less virulent than GDVII and FA but still cause central nervous system disease in the form of poliomyelitis (early onset) followed by a chronic, inflammatory demyelinating disease (late onset), which is due to viral persistence (4, 7) . The difference in virulence between the two groups is substantial, on the order of magnitude of 2105 plaque-forming units per LD50 (8) .
Therefore, the existence of two distinct neurovirulence groups makes the TMEV particularly useful for studying the molecular pathogenesis of picornaviruses.
Recently, we sequenced strains representing both neurovirulence groups, the highly virulent GDVII virus and the less virulent BeAn virus (2, 9) . Computer-generated comparisons of GDVII and BeAn reveal 90.4% identity at the nucleotide level and 95.7% identity at the amino acid level (9) . Because the 775 nucleotide and 99 amino acid differences are dispersed throughout the genome, sequence analysis alone is not sufficient to identify the genomic regions or gene products responsible for pathogenetic properties, such as virulence and attenuation.
We have now constructed full-length cDNAs of the GDVII and BeAn virus RNAs and produced infectious transcripts in vitro. To identify the determinants of neurovirulence, we made recombinant chimeras between the two parental cDNAs and characterized the phenotype of each chimera in vitro and after IC inoculation ofmice. This characterization served to localize sites of neuroviruilence and attenuation on the TMEV genome.
MATERIALS AND METHODS
Cell Culture and Plaque Assay. BHK-21 cells were grown in 100-mm plates in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2 mM L-glutamine, 0.15% tryptose phosphate broth (Sigma), 100 ug of streptomycin, 100 units of penicillin, and 50 units of anti-PPLO agent per ml (GIBCO) and 10% iron-supplemented bovine calf serum (HyClone). Plaque size, virus growth, and temperature sensitivity of the chimeras were analyzed by standard plaque assay on BHK-21 cell monolayers as described (8) . Cells were incubated for 2 days at 39.8°C or for 4 days at 33°C, and plaques were identified by staining with 0.12% crystal violet.
Full-Length cDNA Clones. BeAn virus cDNA was originally cloned into the Pst I site ofpBR322 (2) , and a full-length clone was constructed from five subgenomic clones (unpublished data). After mutation of an internal Pst I site at nucleotide 6694, the full-length clone was inserted into the Pst I site of the transcription vector pGEMR-3 downstream of the T7 RNA polymerase promoter. Similarly, a full-length GDVII virus cDNA clone was assembled in pGEMR-3 from six subgenomic fragments after initial cloning in pBR322 (ref. 9 ; unpublished data). All plasmids were grown in Escherichia coli DH1 (10) and purified by equilibrium centrifugation in CsCI in the presence of ethidium bromide.
Construction of Recombinants. Recombinants of the two cDNA clones were derived by using the restriction endonuclease sites for Ssp I, BgI I, Aat II, BspMI, and Eag I, as well as the Sca I site in pGEMR-3. Most of the constructs required partial digestion of these conserved restriction sites. Eleven different cDNA clones from corresponding segments of the BeAn and GDVII genomes were constructed (see Fig. 2 ). The 10% difference in the nucleotide sequences of the two parental viruses (9) Transfection. Subconfluent BHK-21 cell monolayers in 100-mm dishes were transfected with transcription reaction mixtures (10-20 ,g of RNA) using diethylaminoethyl (DEAE)-dextran (11) . Briefly, 0.5 mg of DEAE-dextran per ml in 400 ,l of Hepes-buffered saline (137.5 mM NaCl/5 mM KCI/0.7 mM Na2HPO4/6 mM dextrose/20 mM Hepes, pH 7.0) was added to the transcription mixture and kept for 30 min at 4°C. BHK-21 cell monolayers were washed twice with DMEM, overlaid with the DEAE-dextran RNA mixture, incubated with gentle rocking for 40 min at 24°C, and refed with DMEM in which 2% Serum-Plus (Hazelton; Reston, VA) and 1% bovine serum albumin (fraction V; Sigma) replaced the bovine calf serum. Cells were incubated at 33°C and, 3-5 days after transfection, plaques appeared. Progeny viruses were prepared after one additional passage in BHK-21 cells and tested for their in vitro growth phenotype and mouse neurovirulence.
Animal Inoculations and Determination of LD50. Six-to 8-week-old SJL/J (Jackson Laboratories) mice were inoculated in the right cerebral hemisphere with 10-fold dilutions of parental and chimeric viruses in 30 Al (5-10 mice per dilution). Control SJL/J mice were inoculated i.c. with DMEM. All animals were observed daily for signs ofillness and death. The LD50 was calculated by the method of Reed and Muench (12) , and critical LD50 determinations were repeated.
RESULTS
Infectivity of RNA Transcripts. Plus-strand virus RNA transcripts were used to transfect BHK-21 cells and transfection efficiency was compared to that of virion RNAs. Both GDVII and BeAn 8386 RNA transcripts produced 102-103 pfu per ,ug of transfected RNA, whereas virion RNAs produced i05 pfu/,ug. The lower transfection efficiency with the RNA transcripts most likely rests in the presence of extra sequences between the T7 promoter in the vector and the first viral 5' nucleotide-e.g., both cDNAs have 53 nucleotides of the vector in addition to 14 oligo(dG)-oligo(dC) tails (Fig. 1) . Twenty-two extra nucleotides are also present at the 3' end downstream of the poly(A) tail. These additional sequences are known to reduce the efficiency of transfection of picornavirus RNA transcripts (13, 14) . Infectivity of the RNA transcripts synthesized from chimeric cDNAs was similar to that of the respective parental transcripts. In all experiments, cytopathic effect was detected in transfected monolayers by 3-5 days and was complete within 24-36 hr.
In Vitro Growth Characteristics of Parental and Chimeric TMEV. Progeny viruses derived from the parental and the 11 recombinant constructs after transfection were used to analyze the effect of nucleotide and amino acid changes on the phenotype of the viruses. Plaque size and temperature sensitivity of the viruses derived from RNA transfection experiments were determined. As shown in Table 1 , the BeAn parent had a titer of 5.0 x 107 pfu/ml, produced small plaques (1 mm in diameter), and was temperature sensitive. In contrast, the GDVII parent had a titer of 2.8 x 108 pfu/ml, produced large plaques (3-5 mm in diameter), and was not temperature sensitive.
As shown in Fig. 2 , five restriction sites marked the ends of the exchanged DNA fragments, which approximated the five cardiovirus genomic regions (15) . The following genomic exchanges were made: the 5' noncoding regions (chimeras 1, 2, and 6), the L/P1 regions (chimeras 3, 7, and 9), both the 5' noncoding and L/P1 regions (chimera 10), the P3 regions (chimeras 13 and 14) , and the 3' noncoding regions (chimeras 11 and 12). The L/P1 genome sequences derived from the parental strain were the determinant of plaque size (Table 1) ; those chimeras with the GDVII L/P1 region produced large plaques in vitro, whereas those with the BeAn L/P1 region produced small plaques. Similarly, temperature sensitivity appeared to correlate with the origin of the L/P1 region; except for chimera 7, those recombinants with the BeAn L/P1 region were temperature sensitive. Chimera 7, which contains 279 nucleotides of the 5' noncoding region upstream of the polyprotein initiation codon and nucleotides 1068-4230 (L/P1 region, protein 2A and 20 amino acids of 2B) derived from GDVII, was temperature sensitive. The fact that chimera 7 was temperature sensitive and possesses the GDVII L/P1 region indicates that determinants of temperature sensitivity are present in other parts of the genome. One of the sites of joining in chimera 7 was in the 5' noncoding region, and alterations in the RNA structure in this location have been shown to produce temperature sensitivity with poliovirus mutants (16, 17) .
Neurovirulence of Parental and Chimeric TMEV. As shown in Fig. 3, >106 pfu of the BeAn parent inoculated i.c. was not lethal for adult SJL/J mice (LD50, -3 x 106 pfu), whereas <20 pfu was lethal for SJL/J mice (LD50, 17 pfu). All of the recombinant viruses with the L/P1 sequences derived from BeAn were not lethal (Fig. 3) . For example, the LD50 of chimera 3 in which the only BeAn component is the L/P1 region, was -6.7 x 105 pfu. The slightly lower LD50 for chimera 3 vs. parental BeAn and chimeras 1, 6, 9, 12, and 13, which also had the BeAn L/P1 region, merely reflects the lower stock virus titer of chimera 3 (Table 1 ). In contrast, chimeras 7, 10, 11, and 14, which had the GDVII L/P1 region, were highly lethal for mice. These results indicate that the genomic region encoding the viral leader and capsid proteins contains necessary but not always sufficient determinants of neurovirulence (see below; chimera 2). Another determinant(s) enhancing neurovirulence was also detected in the 5' noncoding region. Chimera 10, which has the GDVII nucleotides 1-793, was 140 times more virulent than chimera 7, in which these nucleotides are derived from BeAn (Fig. 3) . Neurovirulence in chimera 10 was equivalent to that of parental GDVII (LDs0, <10 pfu). The longer survival and lower mortality of mice inoculated with 102 and 103 LD50s of chimera 7 as compared to chimera 10 ( Fig. 4) 
DISCUSSION
To analyze the molecular basis of picornavirus neurovirulence, full-length cDNA copies of representative strains of the two TMEV neurovirulence groups were constructed. Progeny viruses derived from parental cDNA clones were indistinguishable in their in vitro growth phenotypes and neurovirulence from the parental viruses. To identify sequences that could alter the parental phenotype, parts of the genome of the highly virulent GDVII strain were exchanged with the corresponding regions from the less virulent BeAn strain. A major determinant of neurovirulence was localized to the L/P1 region of the genome since the presence of the L/P1 region from the less virulent BeAn strain always resulted in viruses that were not lethal. With one exception (chimera 2), the presence of the corresponding region from the highly virulent GDVII strain was associated with recombinants that produced a fatal encephalitis. In chimeras 3, 7, and 9, part of the genome encoding the leader protein was exchanged along with the P1 region; therefore, we cannot exclude a role for the leader in neurovirulence based on these constructs. Chimera 3, in which the P1 region was derived from the BeAn strain but most of the leader sequence (N-terminal 46 of 76 amino acids) was derived from the GDVII strain, showed attenuated virulence. These results suggest that neurovirulence maps to the nucleotide sequence encoding the coat proteins rather than to the leader protein.
The function of the cardiovirus leader protein remains to be elucidated.
Changes in the virion surface (coat proteins) have been reported to directly affect virus virulence and/or attenuation in a wide range of viruses (18) (19) (20) (21) (22) (23) . Virion coat protein changes may alter virus receptor activity and antigenicity, as well as virion stability and possibly other virus processes, such as RNA encapsidation and uncoating (24) . It seems unlikely that altered antigenicity alone could account for the large difference in neurovirulence between the two TMEV groups. Moreover, both groups elicit strong humoral and cellular immune responses in mice (7, 8) . More likely, differences in TMEV neurovirulence are the result of virion receptor activity. The neuronal tropism of the two groups of TMEV differs with GDVII virus infecting neocortical, hippocampal, and motor neurons, whereas BeAn virus grows principally in spinal cord motor neurons and, to some extent, in hippocampal neurons (4, 25, 26) . Thus, the greater virulence of GDVII virus correlates with its ability to infect neurons extensively in the mouse neocortex, possibly reflecting the function of its receptor.
The solution of the atomic structures of human rhinovirus 14 (HRV-14) and poliovirus type 1 revealed a 25-A-deep cleft or canyon on each icosahedral face (27, 28) . Mutation of single amino acids lining the HRV-14 canyon altered virion attachment to cellular receptors, providing strong evidence that the canyon is involved in cell attachment (29) . Recently, the atomic structure of Mengo virus was also solved and revealed a depression or pit on each icosahedral face, analogous to the canyon (30 (37) . In both instances, a change in the virion receptor may be responsible for attenuated virulence.
The 105-fold or greater attenuation of virulence of the BeAn 5' noncoding region observed in chimera 2 was surprising, although a similar effect has been mapped to nucleotides 472 and 480 in the 5' noncoding region of poliovirus types 3 and 1. A C to U mutation at position 472 in poliovirus type 3 was identified as the major attenuating change in the Sabin type 3 vaccine strain (38, 39) , and a corresponding mutation in poliovirus type 1, an A to G at position 480, was shown to contribute to the attenuation of the Sabin type 1 vaccine strain (40) . A comparable attenuating determinant probably exists in poliovirus type 2 but has not yet been defined (41, 42) . A computer model predicted that the attenuating mutations in the 5' noncoding region would substantially change the secondary structure of the RNA (43) . A new consensus model based on comparative sequence data for the polioviruses, coxsackieviruses, and rhinoviruses predicts interaction between two 5' noncoding domains (sequences 471-483 and 528-538 of the polioviruses) and explains a second site reversion of an attenuated poliovirus type 1 mutant (44) . It is believed that the biological function ofthe conserved primary and secondary structure in these sites involves efficient initiation of translation (44, 45) . These domains in the polioviruses correspond to sequences beginning at BeAn nucleotides 792 and 849, an area that is in the center of the translation enhancing region for cardioviruses and aphthoviruses (46) . The primary and secondary structure of the cardioviruses (including the TMEV) and the aphthoviruses in this location is highly conserved (47, 48) . Whether the attenuating effect observed in TMEV chimera 2 is due to a relative block in translation in neocortical neurons remains to be determined.
